suspension. An important aspect of the cytokinesis maand cytokinesis. In chemotaxis, polarity is estabchinery, however, is its resiliency. Many of these cylished by local accumulation of PI(3,4,5)P 3 at the cell's toskeletal proteins are individually dispensable for cyleading edge, achieved through temporal and spatial tokinesis under specific conditions. For instance, when regulation of PI3 kinases and the tumor suppressor, the myosin II null mutants are grown on surfaces, they PTEN. We find that as migrating D. discoideum cells are able to divide. In addition, D. discoideum cells can round up to enter cytokinesis, PI(3,4,5)P 3 signaling is undergo "traction-mediated cytofission," in which muluniformly suppressed. Then, as the spindle and cell tinucleated cells fragment and move apart.
We postulated that the reciprocal distribution of PI3K tokinesis can be conceptualized as two oppositely polarized cells moving apart from each other, the poles and PTEN would create an asymmetric sensitivity to uniform chemoattractant as it does in polarized migratbeing equivalent to the "fronts" of the two forming daughter cells, and the furrow corresponding to the ing cells (Jin et al., 2000) . We applied a uniform stimulus of folic acid, a chemoattractant active in growing "backs." Because of these morphological parallels between cell division and migration, we hypothesized that cells, to cells in the midst of cytokinesis and imaged the redistribution of PH Crac -GFP to monitor changes in PI(3,4,5)P 3 might localize at the poles and influence the polarity of the actin cytoskeleton during cytokinesis. In PI(3,4,5)P 3 levels. The stimulus elicited a burst of PI(3,4,5)P 3 at the ruffled poles of the dividing cell with fact, our results show that a "polarity circuit" involving the temporal and spatial regulation of PI(3,4,5)P 3 melittle or no accumulation in the smooth central region ( Figure 1F ). Cytokinesis proceeded throughout the tabolism plays a key role in cell division. chemoattractant-induced response, which lasted 30-60 s. This spatially restricted sensitivity could be obResults served at the earliest stages of spindle elongation. The experiment shown in Figure 1F is included as Movie S5.
Signaling Components Function Locally
Similar results were obtained with cells stimulated with during Cytokinesis chemoattractant at earlier stages of cytokinesis. To test the hypothesis that the spatial distribution of PI(3,4,5)P 3 controls polarity during cell division, we examined distributions of a biosensor for this phosphoiPerturbation of the Spatial Distribution of PI(3,4,5)P 3 Inhibits Cytokinesis nositide, PH Crac -GFP, in D. discoideum during cytokinesis. As shown in Figures 1A and 1B and Movie S1 (see To test whether the localized distributions of PI(3,4,5)P 3 played a role in cytokinesis, we examined the growth the Supplemental Data available with this article online), prior to cytokinesis, PI(3,4,5)P 3 was localized to of existing mutants with altered phosphoinositide levels. As shown in Figure 2A , deletion of PI3K1 and ruffles at the leading edges of migrating cells. As the cells rounded up at the onset of cytokinesis, PI(3,4,5)P 3 PI3K2, which lower PI(3,4,5)P 3 levels, or deletion of PTEN, which prolongs chemoattractant-induced changes signaling was suppressed, and PH Crac -GFP, no longer apparent on the membrane, was elevated in the cytosol in PI(3,4,5)P 3 , each increased the doubling time. Similarly, PI3K inhibitors interfered with cytokinesis (see be-(second panel in Figure 1B ). Then, as cytokinesis progressed, the phosphoinositide concentrated on ruffles low). The effects of inactivation of PTEN were stronger (Huang et al., 2003; Iijima and Devreotes, 2002) , sugappearing at the poles of the dividing cell and was absent from the forming furrow ( Figure 1C and Movie S2).
gesting that preventing the degradation of PI(3,4,5)P 3 is more deleterious than lowering levels. However, even Following division, PI(3,4,5)P 3 was again selectively localized on the anterior projections of the two daughter with inhibitors or in the pi3k 1-2− or pten − , cells there still is modulation of PI(3,4,5)P 3 . This is because each cells. In cells undergoing traction-mediated cytofission, there was a similar bipolar distribution of PI(3,4,5)P 3 on activity is independently regulated in a reciprocal manner (Chen et al., 2003; Ma et al., 2004) . In order to furthe membrane at the diverging ends of the cell ( Figure  S1 ; see the Supplemental Data available with this artither impair regulation, we perturbed both PI3K and PTEN activities. Starting with the cell line carrying delecle online).
We next asked whether these local accumulations of tions in PI3K1 and PI3K2 (pi3k 1-2− cells), we also deleted PTEN, generating a new line lacking all three en-PI(3,4,5)P 3 are controlled by reciprocal regulation of PI3 kinase (PI3K) and PTEN, as occurs in cell migration. In zymes (pi3k 1-2− pten − cells). The Southern blot in Figure  S1 demonstrates that the PTEN locus was disrupted as dividing cells, PI3K2-GFP was invariably associated with F-actin-based ruffles occurring at the poles. In contrast, predicted. As anticipated, the deletion of both activities generated a cell line that lacked temporal and spatial PTEN-GFP was associated with the membrane in the central region of the cell that was devoid of ruffles. regulation of PI(3,4,5)P 3 (see below). As shown in Figure 2A , these cells were unable to These localizations were similar in cells undergoing traction-mediated cytofission (data not shown). The divide in suspension, and we sought the origin of the defect. As the pi3k 1-2− pten − cells were shaken for sevdistributions were maintained as the process of division progressed, and, as the cells separated, PI3K2-GFP eral days, they became increasingly large. The fold increases in protein mass during overnight culture were was sharply localized at the anterior of the two daughters, while PTEN-GFP was clustered at the rear ( number, the nuclei continued to divide. The rate of We also examined the cells grown on plastic surfaces, which as described above, is a less stringent nuclear division was essentially identical in the pi3k . Cells lacking important components for cytokinesis defect was specific for cytokinesis and that the other stages of the cell cycle were apparently normal. At such as myosin II, cortexillin, or Rac E, for example, which cannot grow in suspension, are often able to disteady state, less than 15% of the pi3k 1-2− pten − cells were mononucleated, whereas over 75% had six or vide on surfaces. Likewise, the pi3k 1-2− pten − cells were able to grow under this condition. On surfaces, the more nuclei ( Figure 2C ). The Figure 2F . We also perturbed PI(3,4,5)P 3 levels in wild-type and data), and catalytically inactive hPTEN C124S -YFP were ineffective in reversing the large-cell phenotype. pten − cells by addition of the PI3K inhibitors LY294003 and wortmannin. We searched for cells entering or in DAPI staining showed that pi3k 1-2− pten − cells grown on surfaces were a mixed population containing monothe midst of the cytokinesis process, added the drugs, and observed the immediate effects. The need for imnucleated cells as well as multinucleated cells containing up to 100 nuclei ( Figure 2E ). The mononucleated aging restricted our studies to cells on surfaces on which cytokinesis defects are typically less penetrant cells derived from traction-mediated cytofission as well as cytokinesis (data not shown; see below). Expression (see Figure 2) . Nevertheless, about 25% of the events folic acid with a transient production of PI(3,4,5)P 3 . images. In the wild-type and pi3k 1-2− cells, the "basal" modulation of PI(3,4,5)P 3 levels by internal cues operatratios were low, as is apparent from the images. In the ing during cytokinesis and that this lack of regulation pten − and pi3k 1-2− pten − cells, the prestimulus ratios would also be reflected in the temporal response to were significantly elevated and were similar to each chemoattractant. We examined the regulation of other. Figure 5B and data not shown). is included as Movie S10. We never observed a furrow that failed to properly localize the cytoskeletal proteins and succeeded to divide. On the other hand, in 60% of Discussion failed furrows, cytoskeletal proteins localized properly, but then the cell failed to sever the narrow bridge conOur results show that an elegant regulatory circuit involving phosphoinositide signaling, similar to the sysnecting the two daughters. Eventually, the bridge in-affect migration. In cytokinesis, we find strikingly parallel redistributions of PI3K and PTEN. As cells round at the onset, PTEN moves uniformly to the membrane. Then, as the cell elongates, PI3K and PTEN associate with the membrane at the poles and furrow, respectively (Figure 6 ). Our disruption of both PI3K and PTEN activities generated cells in which PI(3,4,5)P 3 could not be modulated. This led to a specific failure in cytokinesis, resulting in large, multinucleated cells. Expression of active PTEN from D. discoideum or human reversed the defect. This is the first report that regulation of PI(3,4,5)P 3 metabolism plays a role in cytokinesis. However, considering the general role of PI(3,4,5)P 3 in migration, it is likely that the mechanism we describe here for cytokinesis will be found in other organisms ( Figure S4 . Presumafindings presented here suggest yet another potential bly, some of these PI3Ks contribute the basal activity.
role for the phosphoinositide in cancer. Although eleva-A constant source of PI(3,4,5)P 3 synthesis could extion of PI(3,4,5)P 3 levels does make cells grow faster, plain the observations in Figure 3 as follows: in wildperturbation of its proper regulation may also promote type and pi3k 1-2− cells, the basal levels of PI(3,4,5)P 3 disease by interfering with proper cell division. Moreare held in check by PTEN, and the transient dissociover, defects in cytokinesis may also lead to defects in ation of PTEN from the membrane contributes to the chromosome integrity, leading to aneuploidy, commodulation of PI(3,4,5)P 3 . When PTEN is deleted, basal monly found in many cancers. Many cancers appear levels increase, but modulation of PI(3,4,5)P 3 is still to progress most rapidly once cells become aneuploid supplied by activation of PI3K1 and PI3K2. But in (Bose et al., 2002) . In this regard, we have noted that a pi3k 1-2− pten − cells, only the unchecked constant basal small fraction of the pi3k 1-2− pten − cells have extremely levels remain.
enlarged nuclei and unbalanced nuclear divisions. Our experiments with nocodazole suggest that events depending on the spindle microtubules control Thus, disruption of a PI(3,4,5)P 3 polarity circuit regulat-bridge formation during germline cytokinesis. Development 127,
